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Combinatorial mutagenesis experiments show the
existence of many different solutions to the problem of
complementary packing of non-polar sidechains in the
protein core. They suggest that a significant amount of
structural information is carried by the simple pattern of
polar and non-polar residues along the polypeptide
chain, indicate that the formation of buried polar
interactions may be a fundamentally slow step in
protein folding and show that proteins with many native
properties occur at reasonable frequencies in random
sequence libraries.
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Introduction
How proteins find and maintain a unique conformation is
an issue that has fascinated researchers for the past 40
years. How much information do individual sidechains in a
natural protein sequence carry and how is this information
decoded? How many different sequences are compatible
with the same basic protein structure? Are critical sets of
interacting residues required for specific protein folds?
How much sequence information is really required to
encode a cooperatively folded protein structure? Why do
some proteins fold in milliseconds or less whereas others
require hours or more? The analysis of mutant proteins
provides a powerful method for addressing questions of
this type. In this review, I discuss studies in which combi-
natorial mutagenesis has been used to investigate the
determinants of protein folding and stability.
In a combinatorial mutagenesis experiment, a library of
mutants is generated by using cassette mutagenesis or PCR
to randomly mutagenize a set of codon positions in a gene
for a natural or designed protein [1–5]. The library is then
transformed into cells, and mutant proteins that are func-
tional or folded are identified using a biological selection or
screens for activity, expression, or antibody cross-reactivity.
By sequencing mutant genes which encode active and/or
folded proteins, residue substitutions compatible with
folding and function can be identified. If a specific
sidechain property, such as size or charge, is required at a
given sequence position, then only those sidechains with
the required properties will be recovered. If the chemical
identity of the sidechain is unimportant, then a variety of
chemically dissimilar sidechains will be recovered. In some
instances, statistical analysis of the frequency at which par-
ticular substitutions are recovered can also be used to infer
the relative importance of individual sidechains and to test
for interactions between sidechains [6,7]. The end result of
any combinatorial mutagenesis experiment is a set of multi-
ply mutant proteins whose functional, biochemical, or
structural properties can be determined and compared with
each other and with the wild type.
Sequence determinants of folding
What can be learned from combinatorial mutagenesis?
Early application of this method to the N-terminal domain
of l repressor and the Arc repressor of phage P22 showed
that the information most important for folding is carried by
residues in the hydrophobic core [1–4,8,9]. These core
residues could often be substituted by other hydrophobic
residues, but almost never by charged or polar groups. By
contrast, residues on the surface of these proteins could, in
general, be readily changed as long as the surface as a whole
remained reasonably polar. More detailed studies of the tol-
erance of surface and turn residues in the GCN4 leucine
zipper and cytochrome b562 showed that these residue posi-
tions do carry structural information, but far less than core
positions [7,10]. If the protein surface is relatively accom-
modating of non-conservative amino acid substitutions,
then the core must play the major role in specifying struc-
ture and stability. Indeed, the tight complementary packing
of hydrophobic sidechains in native protein structures
immediately suggests an important role for these residues
by excluding solvent, maximizing van der Waal’s interac-
tions, and avoiding costly steric overlaps [11].
Combinatorial mutagenesis provides a way to investigate
the rules of hydrophobic core packing. In the first studies
of this type, a set of interacting core positions in l repres-
sor were mutagenized and active variants identified [3,12].
Somewhat surprisingly, a large number of different
hydrophobic sidechain shapes and sizes were found to be
accommodated in biologically functional proteins. For
example, when three interacting residues in the l repres-
sor core were mutagenized to allow all 125 combinations
of the hydrophobic sidechains Val, Leu, Ile, Met, and Phe,
70% of the resulting sequences were found to be biologi-
cally active at some level, including some differing sub-
stantially in core volume [12,13]. The allowed diversity
was even greater when folded but inactive proteins were
included. Clearly, for this set of core positions in this
protein, many different combinations of hydrophobic
sidechain shapes and volumes allow maintenance of the
overall protein fold. Similar findings of surprisingly per-
missive core substitutions have also been observed for
gene V protein [14], the GCN4 leucine zipper [15],
cytochrome c [16], T4 lysozyme [17], the Rop protein [18],
434 Cro [19], and barnase [14]. In some of these studies,
almost the entire protein core can be changed. In barnase,
for example, active enzyme variants with hydrophobic
substitutions at 12 of the 13 major core residues have
recently been identified [20].
Although core packing can be remarkably malleable, there
are also cases in which few if any changes are tolerated.
Examples include the dimer interface of the N-terminal
domain of l repressor [1] and a helix–helix packing inter-
face in Arc repressor [21]. Why are some core positions
more tolerant than others? One possibility is suggested by
the crystal structures of multiply mutant core variants of
T4 lysozyme [17] and l repressor [22], in which changes
in core packing are accommodated by movements of the
polypeptide mainchain. In l repressor, for example,
several a-helices move away from each other by a small
distance to allow the core substitutions to achieve good
packing [22]. In instances in which the spectrum of per-
mitted core substitutions is quite restricted, such adaptive
mainchain movements may be too energetically costly. It
is worth emphasizing that the observation of significant
core permissivity does not indicate that complementary
packing of core sidechains is unimportant for stable
folding. In these cases, the flexibility of the protein struc-
ture, as seen in the mutant T4 lysozyme and l repressor
structures [17,23], probably allows mutant sidechains of
different sizes and shapes to maintain reasonably comple-
mentary packing.
Binary patterns and folding
The results of early combinatorial mutagenesis experi-
ments suggested that the positions of hydrophobic and
hydrophilic residues in a protein sequence encoded some
fraction of the basic structural information [9]. Hecht and
colleagues [5] explicitly tested this hypothesis by design-
ing a combinatorial library in which only the polar/non-
polar nature but not the chemical identity of each of the
a-helical residues in a designed four-helix bundle protein
was specified. At non-polar positions, Val, Ile, Met, Leu or
Phe were allowed, and at polar positions, Asn, Asp, His,
Gln, Glu and Lys were allowed. Roughly 60% of the pro-
teins in this complex library were found to be compact,
soluble, and resistant to intracellular degradation as
expected for proteins that can fold to some extent. More-
over, several purified proteins from this library were found
to have properties expected for four-helix bundle proteins.
Thus, the simple binary pattern of polar and non-polar
residues along a polypeptide chain must encode a signifi-
cant amount of structural information.
It is clear from numerous studies of mutants of natural pro-
teins in which binary pattern is maintained but structure
and/or folding is perturbed that the detailed chemical prop-
erties of sidechains are important in determining the
precise structural properties of proteins. In l repressor, for
example, many of the core mutants were far less active
than wild type despite being stably folded [12,13]. How
then does simply having hydrophobic and hydrophilic
residues at the correct positions help folding? One possibil-
ity is that the simple partitioning of hydrophobic and
hydrophilic residues during folding constrains the polypep-
tide chain to a limited region of conformational space,
thereby allowing it to find one or a few rough conforma-
tions from which more detailed structural factors can start
to matter.
Buried polar interactions
In addition to hydrophobic interactions, salt-bridge and
hydrogen-bonding interactions are also present in some
protein cores. One appealing idea is that buried polar
interactions of this type help to confer conformational
specificity, because small structural changes which dis-
rupted these interactions would leave unsatisfied polar
groups in a hydrophobic environment and thus would be
very energetically costly [23]. In line with this model, the
oligomeric and conformational specificity of a designed
coiled-coil heterodimer was found to be reduced signifi-
cantly when two Asn sidechains that mediated hydrogen-
bonding interactions in the core were replaced by Leu
residues [24].
A very different result was obtained, however, when the
importance of buried polar interactions in Arc repressor was
probed by combinatorial mutagenesis [25]. In wild-type
Arc, the sidechains of Arg31, Glu36, and Arg40 interact via
hydrogen-bonding and electrostatic interactions to form a
partially buried salt-bridge triad. Following combinatorial
mutagenesis of these positions, a number of active variants
were recovered in which the salt-bridge residues were
replaced by hydrophobic sidechains. Some of these
mutants were as much as 4 kcal mol–1 more stable than
wild-type Arc. The crystal structure of one mutant contain-
ing Met31, Tyr36, and Leu40 (MYL) was found to be very
similar to wild type (0.7 Å rmsd) except for the substitution
of hydrophobic interactions for the salt-bridge interactions.
The main result with Arc, then, is that the buried salt
bridge is not needed for conformational specificity and
detracts significantly from protein stability. At present, it is
not certain why buried polar interactions seem to be impor-
tant for conformational specificity in some instances but not
others. For some proteins, hydrophobic interactions appear
to be sufficient to specify a unique fold. For other proteins,
polar interactions may be required to tip the balance toward
one fold and away from alternative structures that would
otherwise have similar energies.
The MYL variant of Arc folds at a rate that is 30–1000-fold
faster than wild type depending on conditions [26]. Thus,
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formation of the wild-type salt bridge in a non-polar envi-
ronment slows the rate of protein folding significantly.
The transition state in Arc refolding occurs before the
majority of sidechain information is used in core packing
or the formation of hydrogen bonds [27]. In this model, it
makes sense that the need to form the salt bridge would
slow folding because desolvation of the polar sidechains
would exact a large penalty that would not be significantly
recovered until the hydrogen-bond geometries of the salt
bridge were optimized. Hydrophobic groups, on the other
hand, could begin to interact favorably and thus reduce
the transition-state free energy even before tight, comple-
mentary packing was achieved. It will be interesting to see
whether buried polar interactions in other proteins also
slow the folding rates of these molecules. Indeed, it seems
possible that the amount of buried polar surface area in
proteins is one of the main structural factors that deter-
mines their overall folding rates.
Schindler et al. [28] have made the provocative suggestion
that some proteins are capable of super-fast folding
because there are no folding intermediates in these reac-
tions. The MYL mutant of Arc can fold in less than 1 ms
in a reaction in which the only significantly populated
species are denatured and native protein [26] and thus
would seem to support this general idea. However, there
is evidence for an unstable, partially folded, dimeric inter-
mediate in both the folding and unfolding reactions of the
MYL mutant [26,29]. This suggests that even for proteins
which exhibit super-fast folding, the acquisition of struc-
ture probably involves intermediate states.
Folding of random protein sequences
If the identities of surface residues in proteins are rela-
tively unimportant for folding and the need for appropri-
ate core residues can be satisfied by a large number of
different combinations of hydrophobic residues, then it is
conceivable that protein sequences capable of folding
could be identified in random libraries produced by com-
binatorial mutagenesis. In fact, in libraries composed of
random combinations of Leu, Gln, and Arg, proteins resis-
tant to intracellular proteolysis were found at frequencies
of about 1% [30,31]. Purification and biochemical studies
of several of these proteins revealed them to be a-helical,
oligomeric, and to display reversible thermal denatura-
tion. However, even the most native-like of these
‘random’ proteins differed from natural proteins in requir-
ing some denaturant for solubility and in having
extremely rapid rates of amide exchange. Recently,
libraries composed of random combinations of 16 of the
naturally occurring amino acids have also been con-
structed and screened (M Cordes, A Davidson, RT Sauer,
unpublished data). One candidate from this library has a
cooperatively folded b-structure and appears to have a
well packed core by the criterion of near-UV circular
dichroism.
At present, it seems clear that molecules with many of the
properties of natural native proteins can be identified at
surprisingly high frequencies in random combinatorial
libraries. Whether truly native-like proteins or functional
proteins can be obtained in this manner remains to be
seen. Some level of design coupled with combinatorial
mutagenesis may be necessary to achieve these ends. Nev-
ertheless, the results are consistent with the idea that, for
some protein folds, enough structural information is
encoded in a sufficiently simple manner to allow
sequences encoding these folds to arise by chance with
reasonable odds. Such events must, after all, have occurred
during evolution from the RNA to the protein world.
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